IgG4-related disease is a newly described systemic fibroinflammatory process, characterized by increase in IgG4-positive plasma cells. Its pathogenesis, including the role of IgG4, remains poorly understood. Plasma cell myeloma is typically associated with a large monoclonal serum spike, which is frequently of IgG isotype. We sought to identify and characterize a subset of IgG4-secreting myeloma, as it may provide a biological model of disease with high serum levels of IgG4. Six out of 158 bone marrow biopsies (4%) from patients with IgG myeloma expressed IgG4. Four patients were men and two were women, with a mean age of 64 (range 53-87) years. Imaging showed fullness of pancreatic head (1), small non-metabolic lymphadenopathy (1), and bone lytic lesions (6). Two patients developed necrotizing fasciitis. All had elevated serum M-protein (mean 2.4, range 0.5-4.2 g/dl), and none had definite signs or symptoms of IgG4-related disease. Four myelomas had plasmablastic morphology. Four had kappa and two had lambda light chain expression. Three cases expressed CD56. Two patients had a complex karyotype. In conclusion, the frequency of IgG4 myeloma correlates with the normal distribution of IgG4 isoform. The patients with IgG4 myeloma appear to have a high rate of plasmablastic morphology and could be predisposed to necrotizing fasciitis. Despite high serum levels of IgG4, none had evidence of IgG4-related disease. These findings suggest that the increased number of IgG4-positive plasma cells is not the primary etiologic agent in IgG4-related disease. Elevated serum levels of IgG4 is not sufficient to produce the typical disease presentation and should not be considered diagnostic of IgG4-related disease.
IgG4-related disease is a recently described fibroinflammatory condition characterized by mass lesions in various organ systems, a dense lymphoplasmacytic infiltrate rich in IgG4-positive plasma cells, storiform fibrosis, and elevated polyclonal serum IgG4 concentration. 1, 2 Manifestations of IgG4-related disease have been described in virtually every organ system, except in the bone marrow. The symptoms are very sensitive to treatment with steroids. 2 IgG4 is the rarest IgG isoform and represents 3-6% of total IgG in the serum of normal subjects. IgG4 differs from other IgG isoforms in the composition of the hinge region, with the resultant formation of bispecific, functionally monovalent antibodies. [3] [4] [5] These antibodies have poor ability to induce complement, activate cells, and crosslink identical antigens. 4 A classic study of beekeepers showed that during the first 6 months of exposure, most antibodies to bee venom were IgG1; however, with continued stimulation IgG1 titers stabilized, whereas IgG4 titers continued to rise (up to B90% of the response). 6 A mixture of early and late antibodies showed no evidence of immunoprecipitation. Thus, IgG4 may have predominantly anti-inflammatory activity and provide protection against pathogenic antibodies in autoimmune disease. 6 The pathogenesis of IgG4-related disease is unknown but is likely related to either autoimmunity or chronic infection. 1 There is an activation of type 2 helper T cells with increase in IL-2, IL-4, IL-5, IL-10, IL-13, and TGF-b, leading to recruitment of IgG4-positive plasma cells, B-lymphocytes, eosinophils, and fibroblasts. 1, 7, 8 The prototype of an IgG4-related disease is autoimmune pancreatitis, which was initially recognized in the early 1960s. 9 In recent years, these patients have been extensively studied and were found to have additional involvement of numerous extrapancreatic sites, such as the ocular adnexa, salivary glands, kidney, lung, liver, gallbladder, and lymph nodes. [10] [11] [12] [13] [14] [15] [16] On the other hand, some patients may present with primary extrapancreatic disease and have no evidence of autoimmune pancreatitis. 17, 18 Patients may have involvement of one organ or have multiorgan disease either at diagnosis or metachronously. Up to 40% have evidence of allergic disease.
Serum IgG4 elevation is a diagnostic marker of IgG-related disease. 19, 20 At the same time, IgG4 elevation may also be associated with various unrelated disorders, such as repeated infections, autoimmune disease, allergic conditions, carcinoma, cystic fibrosis with concomitant Pseudomonas aeruginosa, and multicentric Castleman disease. [21] [22] [23] However, it appears that the serum level of IgG4 is consistently lower in these conditions compared with IgG4-related disease (4135 mg/dL). [21] [22] [23] The diagnostic criteria for IgG4-related disease are still evolving. Two recently proposed classifications are based on elevated levels of serum IgG4 (4135 mg/dl or 41.5 times the normal upper limit); enlargement, mass lesions, or dysfunction in one or more characteristic organs; typical radiographic features; and the histologic presence of a prominent lymphoplasmacytic infiltrate, abundant IgG4-positive plasma cells, storiform swirling fibrosis, and obliterative phlebitis. 2, 24, 25 Patients with IgG4-related disease have a 3.5 times higher risk of cancer than the general population. 26 Reported cases consist predominantly of extranodal marginal zone lymphoma (MALT lymphoma), which may either arise in the background of a preexisting non-clonal IgG4-related chronic sclerosing lesion or have evidence of plasmacytic differentiation with IgG4-positive monoclonal plasma cells. [27] [28] [29] [30] Cases of salivary duct carcinoma arising in the background of IgG4-associated sialadenitis and pancreatic carcinoma associated with autoimmune pancreatitis have also been reported. 31, 32 In summary, the role of IgG4 in the pathogenesis of IgG4-related disease is currently unknown. Plasma cells in myeloma patients are mature immunocompetent cells that have undergone somatic hypermutation and class switch recombination. 33 Most malignant plasma cells secrete antibodies coded by functional VDJh rearrangements, detected as paraprotein. 33 We sought to characterize a population of secretory IgG4-positive plasma cell myeloma. The goals of the study are to verify the incidence of IgG4 myeloma, determine its clinicopathologic features, and investigate for possible association of IgG4 myeloma with signs or symptoms of pre-existing, concomitant, or emerging IgG4-related disease. :50)). Immunohistochemical staining was accomplished using the Bond III Autostainer (Leica Microsystems, IL, USA). Antigen retrieval was followed by heating the sections at 37 1C in Bond Enzyme Solution (Leica Microsystems) for 10 min.
Materials and methods
All additional surgical pathology and immunopathology materials were retrieved and reviewed for the six IgG4-positive myeloma cases. Clinical information, follow-up, and treatment information were acquired by review of the clinical charts following institutional review board approval. Cytogenetic studies were performed on overnight unstimulated bone marrow cultures. Cells were harvested and G-banded. When possible, a total of 20 metaphases were evaluated. The findings were described according to the 2009 International System for Human Cytogenetic Nomenclature. 34 FISH was carried out using the LSI FGFR3 (Spectrum Orange -SO) -IGH (Spectrum Green -SG) dual color dual fusion probes, LSI CCND1/MYEOV (SO) -IGH (SG) dual color dual fusion probes, LSI 13 (SG), and LSI TP53 (SO) probes (Vysis/Abbott Molecular, Des Plaines, IL, USA) to rule out the translocations t(4;14)(p16;q32) and t(11;14)(q13;q32) and deletions of 13q14 region and TP53 gene, respectively. FISH was also performed using the LSI p58/LSI Telomere 1p/LSI 1q25, D5S23/D5S721, CEP 9, and CEP 15 probes to evaluate for chromosome 1 abnormalities and trisomy of chromosomes 5, 9, and 15, respectively. Two hundred interphase nuclei were evaluated for each probe/probe set.
Results
Six out of 158 (4%) cases of IgG-positive myeloma had extensive expression of IgG4 by the clonal plasma cells. The clinical, morphologic, immunohistochemical, and cytogenetic findings are IgG4 plasma cell myeloma presented in Table 1 and Table 2 and are summarized below.
Clinical Information
There were four male and two female subjects, with a mean age of 64 (range 53-87) years. The initial diagnosis was monoclonal gammopathy of undetermined significance in one patient (transformed to myeloma in 5 years), smoldering myeloma in one patient (transformed to symptomatic myeloma in 2 years), and active myeloma in the remaining four patients. All patients had elevated serum M-protein at presentation (mean 2.4, range 0.5-4.2 g/dl). Each patient's highest median M-spike was 3.1, with a range of 1.2 up to 4.9 g/dl. All but one patient were treated with multiple courses of chemotherapy. Four patients underwent autologous bone marrow transplants; two of them had two transplants. One patient developed therapy-related myelodysplastic syndrome 5 years after initial presentation. Four patients died after a median follow-up of 4.5 years (range, 1 month to 11 years), whereas two patients are alive with disease 5 and 11 years after the initial diagnosis.
Two patients had possible signs and symptoms of IgG4-related disease. One patient, a 53-year-old man, had a long-standing history of chronic sinusitis and small non-metabolic lymphadenopathy on the initial PET-CT scan. He was diagnosed with plasma cell myeloma during preoperative work-up for sinus surgery (patient 1, see Table 1 and Table 2 ). Another patient, a 63-year-old woman, had abdominal CT imaging 11 years after initial diagnosis, which showed a mild fullness of the pancreatic head without associated biliary ductal dilatation or main pancreatic duct narrowing. A concurrent abdominal ultrasound had normal findings. There were no laboratory or clinical signs of pancreatitis (patient 5, see Table 1 and Table 2 ). Unusually, both patients developed life-threatening episodes of necrotizing fasciitis (due to Streptococcus pyogenes and Escherichia coli), which occurred immediately following a cycle of chemotherapy (doxorubicin, vincristine, and dexamethasone or dexamethasone, cyclophosphamide, etoposide, and cisplatin) in the setting of active myeloma. 35 Patients' M-protein was 2.85 and 1.6 g/dl, respectively, at the time of the infection. Patient 1 recovered following three debridement surgeries, development of osteomyelitis, and a long hospital stay. Patient 5 also underwent three surgeries accompanied by a rapidly increasing M-protein (1.6-3.2 g/dl) and increasing pancytopenia. She died 1 month after the presentation with necrotizing fasciitis.
Pathological and Immunohistochemical Findings
All bone marrow biopsies had an increased number of plasma cells (Figure 1) . Three of six cases had evidence of plasmablastic morphology at presentation (Figures 1a, d and e) ; one of these cases also had marked plasma cell atypia (Figure 1e ). One additional plasma cell myeloma acquired plasmablastic features 5 years following initial diagnosis, accompanied by increased proliferation rate and a new 
Abbreviations: H, hyperdiploidy; PR, proliferation rate.
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IgG4 plasma cell myeloma JT Geyer et al complex karyotype (patient 2, Figure 1b) . One plasma cell myeloma had numerous Dutcher bodies (Figure 1d) . Two of the six cases had evidence of increased reticulin fibrosis in the bone marrow. Four plasma cell myelomas expressed monotypic kappa immunoglobulin light chain and two cases expressed monotypic lambda light chain. Three plasma cell myelomas aberrantly expressed CD56 or Cyclin D1. One of the six cases was positive for both CD56 and Cyclin D1. All cases were negative for Cyclin D3. With Ki-67/CD138 immunohistochemical double staining, the proliferative fraction of the plasma cells ranged from o1 to 74% (mean, 25%). Three of the six patients had several bone marrow biopsies available for review (3-4 biopsies/case, spanning 3-6 years). All biopsies with evidence of myeloma had numerous IgG4-positive plasma cells (Figure 2 ). Negative/normal bone marrow biopsies did not have an increased number of IgG4-positive plasma cells. Both patients with necrotizing fasciitis underwent debridement surgery. These skin and soft tissue biopsies contained extensive necrosis and an acute inflammatory infiltrate, with no evidence of IgG4-positive plasma cells.
Cytogenetic Results
At diagnosis, four of the six patients had cytogenetic abnormalities: two had a complex karyotype and two had a normal karyotype with abnormal interphase FISH and evidence of hyperdiploidy. One patient with initially normal karyotype and FISH developed a hyperdiploid genotype using FISH 3 years after diagnosis, followed by a complex karyotype with the evidence of monosomy of chromosomes 5, 7, 9, and 20 and partial loss of 12p 1 year later (patient 2). At the same time, this patient was diagnosed with a high-grade myelodysplastic syndrome. Cell sorting was not performed; however, as these cytogenetic abnormalities are common in myelodysplastic syndrome and rare in plasma cell myeloma, they likely correspond to the myeloid clone and not plasma cells.
Discussion
In this study, IgG4 myeloma represented 4% (6/158) of the IgG myeloma cases. The frequency of IgG4 IgG4 plasma cell myeloma myeloma correlates with the normal distribution of the IgG4 isoform (3-6% of IgG in healthy subjects). Studies of subclass distribution in IgG monoclonal gammopathy of undetermined significance and myeloma have last been performed in the 1980s and showed similar data, with IgG4 representing 2-8% of IgG plasma cell neoplasms. [36] [37] [38] [39] All patients in this study had persistently high levels of IgG4 paraprotein (average, 2.4 g/dl). Two patients had a documented phase of monoclonal gammopathy of undetermined significance and smoldering myeloma. Based on the current knowledge of myeloma biology, it can be assumed that the remaining patients also had a prodromal asymptomatic stage with gradually increasing levels of IgG4 paraprotein. Clinical course of plasma cell myeloma is characterized by disease relapses and exacerbations with fluctuating levels of paraprotein. Thus, we hypothesized that patients with IgG4 myeloma may offer an opportunity to study the long-term effects of high-concentration of serum IgG4.
The patients with IgG4 myeloma appear to have typical clinical, laboratory, and morphologic features of IgG myeloma with two exceptions. The proportion of cases with plasmablastic morphology is increased compared with the reported literature, at 67% of the cases vs 5-15% in the previous studies. [40] [41] [42] [43] The definition of plasmablastic myeloma is controversial. Bartl et al 43 required plasmablasts to represent the predominant cell type in the bone marrow biopsy and defined plasmablasts as having large, immunoblast-like nucleus with a prominent nucleolus and a moderate amount of basophilic cytoplasm. In contrast, Greipp et al 40, 42 established criteria based on examination of bone marrow aspirates and required 42% plasmablasts, which were described as having large centrally placed nucleus (410 mm in diameter) or a nucleolus (42 mm in diameter), a high nuclear-to-cytoplasmic ratio, and lack of a perinuclear hof. Not all of the cases in this study had a bone marrow aspirate; thus, a more inclusive definition of plasmablasts was used. The significance of plasmablastic morphology in patients treated with the new antimyeloma drugs is unclear; however, several older studies showed a worse response to treatment and higher rate of progression in these patients. 40, 42, 43 The patients in this study did not appear to do significantly worse than other patients treated at our institution.
Another unusual feature of IgG4 myeloma is the presence of necrotizing fasciitis in two patients. This association is so rare that these patients had been a subject of a prior case report by our group. 35 In addition to these patients, only two other cases have been described in the literature. 44, 45 Known risk factors of necrotizing fasciitis include NSAID use, diabetes, intravenous drug abuse, obesity, recent surgery, trauma, and immunosuppression. Both patients' episodes of necrotizing fasciitis occurred in the setting of active myeloma immediately following a cycle of chemotherapy. Thus, we hypothesize that as IgG4 appears to have an immunosuppressive effect, high serum levels of IgG4 in combination with high-dose dexamethasone used for chemotherapy purposes may create a unique host susceptibility to bacterial soft tissue infection. This association is clinically important because of the fulminant course of untreated necrotizing fasciitis, with high ensuing morbidity and mortality.
CD56 expression was seen in 50% of the cases, similar to 70% reported in the literature. 46 All cases of CD56-positive myeloma had a complex karyotype. Lack of CD56 expression in plasma cell myeloma has previously been associated with worse outcome; however, recent studies of patients treated with high-dose chemotherapy did not find a significant difference in patient survival. 47, 48 Cytogenetic analysis detected chromosomal abnormalities in 5/6 cases (83%), similar to 90% of all cases of newly diagnosed myeloma. 46 Two patients had a complex karyotype at presentation, including one with three high-risk abnormalities (translocation t(4;14), gain of the 1q21 region and deletion 17p) -findings that are associated with unfavorable outcome and shorter median survival -whereas two patients had evidence of trisomies of odd-numbered chromosomes (hyperdiploidy) that are typically associated with better survival. 49, 50 This distribution of genetic abnormalities is similar to the reported literature and does not indicate a unique subtype of plasma cell myeloma. 46, 49, 50 Aside from large numbers of IgG4 þ plasma cells, the histological features of bone marrows and soft tissue debridement specimens did not show any characteristics of IgG4-related disease, such as lymphoplasmacytic inflammation, lymphoid follicles with expanded germinal centers, obliterative phlebitis, or prominent cellular fibrosis, composed of activated fibroblasts, lymphocytes, and plasma cells. 10, 20, [51] [52] [53] [54] [55] [56] [57] [58] Despite sustained high serum levels of IgG4, none of the patients fulfilled diagnostic criteria for IgG4-related systemic disease. One patient had a history of chronic sinusitis and small lymphadenopathy, which are relatively nonspecific. Another patient had an incidental finding of mild fullness of the pancreatic head on CT imaging but no other signs or symptoms of pancreatitis. 54 In summary, our findings suggest that neither an increased number of IgG4-positive plasma cells nor a high sustained serum IgG4 is the primary etiologic agent in IgG4-related disease. Elevated serum level of IgG4 is probably not sufficient to produce the typical disease presentation and should not be considered diagnostic of IgG4-related disease. IgG4 myeloma represents B4% of IgG-positive plasma cell myeloma and may represent a unique subset with plasmablastic morphology and frequent association with necrotizing fasciitis. IgG4 myeloma should be considered in the differential diagnosis of patients with high serum levels of IgG4.
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